Introduction
The first cases of inappropriate antidiuresis can be ascribed to Schwartz et al. [1] , who reported two patients with bronchogenic carcinoma having marked hyponatraemia but still slightly hypertonic urine, indicating inappropriate urinary concentration. The different causes and criteria for the diagnosis of the syndrome of inappropriate secretion of antidiuretic hormone (SIADH) were further adequately presented by Ellison and Berl [2] and by Decaux [3] . In 25 patients considered as having SIADH, measurements of plasma arginine vasopressin (AVP) were performed during the infusion of hypertonic saline [4] . Four different patterns of osmoregulatory defects were obtained. At plasma sodium concentration of 135 mEq/L in three of the four patterns, AVP was increased. In two patients, AVP was undetectable at plasma sodium concentration between 120 and 140 mEq/L. Ellison and Berl coined the syndrome of inappropriate antidiuresis for these two patients. A prolonged exposure to AVP results in the loss of hydro-osmotic effect of AVP (or so-called AVP escape).
This phenomenon has been studied in rat models, showing a downregulation of AVP receptor binding, associated with decreased expression of aquaporin 2 in the collecting duct [5] . Hoorn et al. [6] used combined proteomics and bioinformatic pathways analysis of the collecting duct during the escape from AVP. Immunoblotting showed the known decrease in aquaporin 2 expression, but also a decrease in the abundance of the urea transporter UT-A3. Under normal circumstances, UT-A1 (localized to the apical membrane) and UT-A3 (localized to the basolateral membrane) are involved in urea reabsorption from the inner medullary collecting duct to the inner medullary interstitium. AVP increases the UT-A3 expression at the basolateral membrane, thus increasing medullary osmolarity [7] .The mechanisms indentified in animal models are probably responsible for AVP escape in humans with SIADH.
Nephrogenic syndrome of inappropriate antidiuresis (NSIAD)
Feldman et al. [8] described in 2005 two unrelated male infants with a clinical presentation and laboratory findings of SIADH, but with undetectable AVP levels in plasma, resembling type 4 pattern of osmoregulatory defects defined by Robertson [4] . In these patients, they could demonstrate a constitutive activation of the X-linked V2 vasopressin receptor (V2R). DNA sequencing of the V2R gene identified in both infants missense mutations resulting in the substitution of arginine to cysteine or leucine in codon 137 ( Figure 1 ).
More data on currently well-documented reports of infants with NSIAD are presented in Table 1 [8] [9] [10] [11] . Some Fig. 1 . Proposed topology of the human V2 Receptor. The V2R has seven transmembrane domains, connected by three extracellular and three intracellular loops. The palmitoylated cysteine (c341-342) in its C terminus is indicated. The arginine residue at codon 137, and the R137L and R137C mutations are shown. An R137H mutation at the same codon causes nephrogenic diabetes insipidus with a reduced receptor expression at the cell surface. conclusions can be gleaned from these data. Most of the infants present with seizures and have clearly low serum sodium levels with lack of the expected dilution of the urine. Not all infants with the activating mutations have undetectable AVP levels in plasma. This information implies that the indications for screening of infants for the activating V2R mutations should be extended. Clinical symptoms mostly become apparent after the age of a few months. In our opinion, the neonatal symptoms of the patient described by Marcialis et al. [10] might be related to neonatal asphyxia. The limitation of the concentrating capacity at a very young age together with their high insensible water loss may have a protective role in the early postnatal period and postpone the appearance of the NSIAD symptoms [12] . A large five-generation family with NSIAD was reported by Decaux et al. [13] . The activating mutation was detected in three hemizygous males and four heterozygous females. All of them were diagnosed as adults (see also Soule et al. [14] ). X-inactivation in the female heterozygous patients will result in a constitutive active V2R in one-half of the collecting duct cells, causing symptoms of NSIAD. The same mechanism is responsible for the clinical phenotype of nephrogenic diabetes insipidus in females heterozygous for V2R receptor mutation [15] . In an asymptomatic heterozygous female patient carrying activating V2R mutation, a skewed inactivation preferentially of the mutant gene is a plausible explanation of the absence of the symptoms. As Decaux et al. [13] already stated, the condition of NSIAD might remain unrecognized until advanced age. Clark et al. demonstrated impaired free water excretion after water loading at an older age [16] . Thus, an increase in the degree of inappropriate antidiuresis, when challenged with water, can be expected in elderly people with NSIAD.
Pathophysiology of NSIAD
In healthy subjects, arginine vasopressin (AVP) binding to the V2R stimulates cAMP production through the Gαs and adenyl cyclase. Subsequent phosphorylation of AQP2 by the cAMP-dependent protein kinase (PKA) is suggested to promote the insertion of AQP2 into the apical membrane of the principal cells of renal collecting duct, resulting in enhanced reabsoption of free water [17] . The ability of the mutant V2R to induce cAMP, as measured by cAMPinducible luciferase reporter in COS-7 cells, was 4-7.5-fold increased compared with the wild-type V2R [8] . This gain of function due to constitutive activation of V2R in NSIAD patients explains inappropriate antidiuresis.
All mutations described in NSIAD so far involve the arginine residue at the position 137 [8] [9] [10] [11] . This residue is highly conserved and is a part of the DRY/H motif, located at the junction of the third transmembrane domain and the second intracellular loop (Figure 1) . The V2R-R137C and V2R-R137L mutants traffic more efficiently to the plasma membrane compared with the V2R-R137H mutant. The latter mutation is a cause of nephrogenic diabetes insipidus (NDI) due to impaired trafficking [17] .
Normally, G-protein-mediated signalling is a subject of extensive negative regulation. A decrease in the negative regulation would prolong the cellular response to an activated receptor. Upon binding of AVP, multiple serine residues in the V2R terminus are phosphorylated by Gprotein-coupled receptor kinases [18] . The phosphorylated receptors recruit arrestins. Arrestin binding to activated receptors promotes desentization by interrupting receptor-G-protein coupling, with simultaneously recruiting of the clathrin-dependent endocytotic machinery and lysosomal degradation [19] . It was hypothesized that activating V2R mutants might have impaired β arrestin binding. However, using bioluminescence resonance energy transfer and confocal microscopy, Kocan et al. [18, 19] demonstrated that the activated mutants interacted with β arrestin2 in an agonist-independent manner. It is likely that these mutant receptors are subsequently transported to late endosome/lysosomes analogous to the activated wild-type receptor [19] . Thus, impaired arrestin binding cannot explain the constitutive activation of the V2R.
Recent study has further characterized V2R-R137H (causing NDI) compared with V2R-R137C and V2R-R137L (causing NSIAD) [20] . All three mutants showed both impaired maturation (reduced Golgi processing) and elevated constitutional endocytosis resulting in a reduced steady-state surface expression. The elevated endocytosis may reduce the severity of NSIAD. The constitutional activation of V2R-R137C and V2R-R137L remains unexplained. Rochdi et al. [20] propose that the balance between the engagement of Gαs and β arrestin may determine the extent of basal cAMP production causing the difference between NSIAD and NDI mutations.
As the constitutive activation of V2R may also be present in endothelial cells, Feldman et al. [8] measured the concentration of von Willebrand factor (vWF) antigen in plasma of the patients and found a normal concentration with a normal ability of vWF to agglutinate platelets. In our opinion, this interesting observation might be explained by the fact that the majority of circulating vWF is produced by a constitutive uncontrolled pathway [21, 22] ; therefore, an upregulation of cAMP-induced vWF exocytosis cannot be ruled out by measuring normal circulating vWF levels. In the future, the effect of the administration of epinephrine and histamine should be evaluated in patients with NSIAD by measuring the release of several constituents of Weibel-Palade bodies (WPbs) content such as vWF, interleukin 8, angiopoietin 2 and plasminogen activator. In case of the constitutive activation of V2R on the endothelial cells, a decreased content of WPbs can be expected.
It is, however, not excluded that the constitutive activation of V2R may have a limited effect on the endothelial cells due to the mechanism called tachyphylaxis, which is characterized by a reduced exocytosis after repeated stimulation: after a second dose of DDAVP (6 h later), a rise in vWF is ∼30% lower than those obtained after the first dose of DDAVP [23] .
Treatment
The different possibilities of treatment of NSIAD are clearly discussed by Gitelman et al. [24] . Fluid restriction alone, the simplest treatment, is not feasible during infancy as caloric deficiency would be the consequence. AVPR2 inverse agonist SR121463 have been recently tested and failed to decrease the constitutive activity of V2R-c-R137L mutants and increased R137C-V2R cell-surface targeting, consistent with its inactivity in NSIAD patients carrying the R137C-V2R mutation [13, 20] . The recent study by Rochdi et al. [20] provided a rational background for the use of AVP in NSIAD patients; they showed that AVP stimulated V2R internalization, beyond already elevated R137C and V2R-R137L endocytosis and did not stimulate cAMP production in cells expressing these mutants [20] . The observed in vitro effect of ADH, however, is rather small, and when high doses are needed, the extrarenal actions on V1a and V1b receptors should be considered. In contrast to the finding by Rochdi et al., Tenenbaum et al. [25] showed a small stimulation of cyclic AMP in COS cells expressing the mutant receptor after application of AVP. Thus, a deleterious effect of AVP in patients with NSIAD cannot be excluded and warrants additional studies, before it can be tested in therapeutic settings.
Also, testing of the effect of non-competitive V2R antagonists still has to be performed [26] .
Extensive experience with the use of oral urea [27] or a single oral dose of furosemide with salt supplementation [26] has been reported in patients with SIADH and can be applied in NSIAD patients. Successful use of oral urea has been reported in patients with NSIAD [8, 10, 13, 28] . However, it was surprising that the young children took the oral urea without protesting. After early childhood, the symptoms of NSIAD usually decrease, as children can often self-regulate fluid intake, and all other treatments might be discontinued [29] .
Furosemide has not yet been tested in patients with NSIAD, but is of potential benefit, because it decreases the medullar hypertonicity, mitigating the stimulus of the hypertonic environment on the aquaporin 2 expressions and its apical localization in the principal cells of renal collecting duct [30] . More frequent administration of furosemide would be more effective but will also induce electrolyte disturbances such as salt depletion, hypokalaemia and hypercalciuria.
Conclusion
In a congenital renal tubular disorder, the symptoms are generally expected to be present shortly after birth. This is not the case in NSIAD. Partially protected by the limitation of renal concentrating capacity and high insensible water loss at an early age, patients manifest with clinical symptoms of NSIAD during late infancy or even in adulthood. NSIAD should be suspected in infants with seizures and low plasma sodium and in older patients with inexplicable hyponatraemia, low renin, and aldosterone as well as low AVP levels, accompanied by concentrated urine. Therapy should consist of fluid restriction and eventual administration of the oral urea. Other therapeutic options such as the use of furosemide still have to prove their therapeutic utility. Symptoms of NSIAD may become more prominent at advanced age due to the additional limitation in free water excretion, normally occurring in elderly people.
